New possibilities in the observation of nucleic acids by electron spectroscopic imaging Etienne Delain(1), Alain Fourcade(1), Bernard Révet(1) and Claudie Mory (2) (1) Laboratoire Abstract. 2014 The conditions for the use of Electron Spectroscopic Imaging (ESI) in the observation of DNA molecules adsorbed on carbon film are described. The Zeiss 902 electron microscope with its built-in spectrometer allows original modes of imaging, such as energy-filtered annular dark-field. The six different modes of imaging are illustrated with either positively stained or metallized DNA preparations to show the resulting important differences in contrast. The very strong contrasts obtained in annular or spectroscopic dark-field modes on specimens presenting a very low contrast in traditional bright-field are very useful for the observation of biological macromolecules. The advantages of some observation modes for imaging different types of preparations are discussed. [2] and will be illustrated here. Annular dark-field illumination provides highly contrasted images of the stained DNA filament and has been extensively used in our laboratory to study DNA and DNA-protein complexes involved in gene regulation and in physiological processes (reviewed in [3] ).
DNA can be visualized by various procedures. Long DNA molecules are visible by UV light microscopy provided that they are stained with a fluorescent dye [4] . Radioactively labelled replicating DNA molecules can also be indirectly detected by autoradiography at the light microscope level [5] . Recently, near-field microscopes have been considered as susceptible to image DNA molecules at atomic resolution (reviewed in [6] ), but this approach still needs additional research to obtain significant results, since the spreading of nucleic acid molecules for their visualization and even their sequencing by near-field microscopes still remains under investigation [7] [8] [9] [10] .
Electron microscopy is still the methodology which gives the widest possibilities for studying nucleic acids conformations. Besides the dark-field illumination procedures needed to get con Ttaditionally, dark-field modes (tilted or annular) are very efficient to visualize molecules either stained with uranyl salts or shadowed with tungsten-tantalum alloy [12, 13] . They have been used in our laboratory for many biological applications on nucleic acids [3] or proteins [14] . Platinum, classically used for shadowing, makes deposits which diffract electrons and thus is not suitable for high resolution imaging of molecules. The problem of the thickness of this metal deposit has been the subject of many discussions since it greatly influences the resolution [13, 15] .
In the Zeiss 902 electron microscope, the Castaing-Henry prism [16] [17] , applications for an optimal observation of DNA molecules have already been briefly presented [18] and are further developed in the present paper. (Figs. 4c and 4d) . The carbon-coated grids must be treated by a glow discharge in air (residual pressure 8 x 10-1 mbar) to make them hydrophilic [19] . A (Fig. 2) . -This is demonstrated on a sample of DNA rotary shadowed with platinum-carbon prepared according to the method A (Fig. 1) . In bright-field, with all electrons, i.e. without the use of the spectrometer (Mode 1), the contrast is relatively weak, and furthermore depends on the defocus (Fig. 2a) . A slight increase on contrast is obtained in Mode 2, where all inelastic electrons are eliminated (Fig. 2b) . With the same parallel illumination, a dark-field image is obtained when inelastic electrons are selected (Mode 3), with increasing contrast and resolution for higher values of the selected energy loss (Figs. 2c-h ). An optimum is obtained for AE values between 80 eV (Fig. 2e ) and 120 eV (Fig. 2g) , but useful images can be obtained up to 260 eV (Fig. 2h) , just below the carbon K-edge. As a matter of fact, the amount of électrons strongly decreases with increasing AE values, so that a compromise is to be found between the quality of the images (in term of contrast and resolution) and the exposition time (or dose) needed to take a picture, even with the help of a highly sensitive TV camera to focus the image. This optimum also depends strongly on the thickness of the sample. With shadowed DNA molecules, one must consider that the carbon film thickness is about 50-100 Â, the molecule itself being 20 (Fig. 2j) . In return, the selection of inelastically scattered electrons in the annular dark-field image (Mode 6) completely eliminates this drawback and provides very good images (Figs. 2k and 21 (Figs. 3a, 3b and 3c, respectively) . The contrast is very weak in elastic bright-field (Fig. 3a , Mode 2), very strong in annular dark-field (Figs. 3b and 3c ), but the background is higher for the elastic image (Fig. 3b, Mode 5 ) than for the inelastic one (Fig. 3c, Mode 6 ). The comparison between the contrast and image quality obtained either with the elastically filtered annular darkfield (Fig. 3d, Mode 5 ) and with the usual ESI (Fig. 3e, Mode 3) , is given for DNA molecules stained with thorium nitrate. The background of the ESI image is much smoother than that of the annular dark-field image.
Another example is given in figure 4 which shows complexes between DNA and the protein recA, a DNA-binding protein involved in the recombination process [21] . Depending on the pretreatment of the grid and on the thickness of uranyl acetate deposit on the grid, the molecules are either positively (method B) (Figs. 4a and 4b) or negatively (method C) (Figs. 4c and 4d) stained. In the former case, the DNA is rather difficult to see in the bright-field image (Fig. 4a,  Mode 2 ), when it is better perceived in ESI with AE = 114 eV (Fig. 4b, Mode 3) , which corresponds to the strong 04,5 peak of uranium. The helical coating of the recA protein on the DNA filament is not correctly resolved with such a thin deposit of uranium. When the DNA and the DNA-recA complex are embedded in a thicker layer of uranyl acetate which behaves as an amorphous film protecting the molecules (i.e. negative staining conditions), the helical structure of the polymerized recA, making a sleeve around the DNA, is clearly seen and the protruding naked DNA filament appears as a thin clear thread in bright-field (Fig. 4c, Mode 2) . On ESI images at AE= 114 eV (Fig. 4d, Mode 3) areas where uranium accumulates are seen bright, the molecules being thus darker than the background. The [22] shows that many edges can be used to provide element-specific images in ESI. In biology, many papers have been devoted to the specific localization of iron, calcium or phosphorus in sections of cellular tissues [23, 24] figure 5 which shows a molecule positively stained with uranium salts. Optimum contrast is obtained when the uranium 04,5 peak 114 eV is selected in the spectrometer slit (Fig. 5b) . For DNA molecules stained with thorium, a similar optimum is obtained at about 100 eV Comparable selective staining of DNA molecules has been obtained with lanthanides. Furthermore in some cases, it has been possible to use a mixture of thorium and lanthanides and to localize both elements on the DNA filament with adequate image filtering [25] . This leads to the eventual possibility of detecting specifically labelled zones of DNA, provided that specific labels can bc built from sequence-specific compounds and selected metal-containing clusters or chelates. 4 . Discussion.
For several reasons, the study of the conformation of molecules such as DNA constitutes an unusual challenge. The searched information is mostly of topological nature with the measurement of length, local curvature, etc... [26] . It (Fig. 5b) [27] .
The three types of preparation methods schematized in figure 1 constitute three different solutions to observe the molecules: for shadowed molecules (A), the information is provided by mass-thickness variations of the metal on the specimen; in B (positive staining), the signal is also contained in the stain deposit which has been added to reveal it and it appears as an extra thickness and a local chemical change. Finally in C (negative staining), the molecule by itself, embedded in the homogeneous stain film, provides the contrast as a local difference of composition averaged through the specimen. Though this latter solution constitutes the best way (apart cryomicroscopy) for preserving the biological objects, the other methods, which practically deal with "stained ashes", also indirectly convey the required information. Moreover, the decay of this information is much more rapid with electrons dose when using method C than the others.
In order to reveal changes of topographical and/or chemical parameters into detectable image intensity fluctuations, the nature of the involved contrast determines the choice of the operating mode with an energy selection microscope. In the present study, the major contrast generating mechanisms can be classified: (a) elastic scattering (or diffraction) at large angles occurs at random azimuthal angles when originating from a random distribution of very small metal aggregates; (b) inelastic scattering at small angles with non eleniental-specific signals, i.e. mostly from the continuously decreasing background in the spectrum. It has been used mostly for the observation of thick specimens [28] but may also apply to the present situations to visualize mass-thickness variations through "contrast tuning" (see for instance: Reimer [29] ); (c) characteristic chemical contrast contained in the detection of elements through their specific edge in the EELS spectrum (such as 04.5 for uranium at 110 eV).
For a given object, all of those contrast mechanisms contribute, at various levels depending on its nature: for instance, contrasts of type (a) and (b) are involved for shadowed specimens (Fig. lA) , while the three terms occur simultaneously for stained specimens (Figs. 1B and C) .
The variety and diversity of operating modes offered by an ESI microscope, togetherwith different illumination conditions, provide to the biologist user many solutions as demonstrated above. Mode 2, also called zero-loss filtering is used for contrast enhancement on plastic sections, and have been used also succesfully in cryomicroscopy [30] . However, modes 3 and 5 have shown to be of practical interest in biology. The first of these two modes is the inelastic one using a selected fraction of the EELS spectrum, and leading to a contrast-tuning (no characteristic edge included), or a chemical-selecting contrast (with a well defined edge included). It proves to be particularly fruitful for delivering images with high contrast and devoid of most speckles due to the diffraction contrast on individual metallic grains. It offers quite convenient images for a posteriori digital image recognition and automatic measurement processes [31] . The resolution is maintained at a high level as shown in the paper by Berger and Kohl [32] , the spatial resolution increasing regularly with the value of the selected energy loss. The second one, mode 5, is the elastically filtered annular dark-field mode. It provides images with high signal to noise ratio and good spatial resolution, because the blurring effect of the plasmon loss contribution is eliminated. On the other hand, it emphasizes the influence of the diffraction contrast.
Conclusion.
The present paper has dealt with non-conventional operating modes, at least in the biological field, for an energy filtering microscope derived from the early work of Castaing and Henry. The very fast development of such instruments in the recent years has been largely dedicated to analytical studies on sections, as it can be seen through the published proceedings of ESI microscope users [23] [24] . If this latter field of application has shown all its interest, it seemed important to us to emphasize the other aspect concerning plain imaging and to discuss how the available information was conveyed and filtered through a superposition of dedicated specimen preparation techniques and selected contrast mechanisms.
